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 ,QWURGXFWLRQ
*UDSKHQHLVDQHDUO\WUDQVSDUHQWPDWHULDOWKDWKDVWKHKLJKHVWURRPWHPSHUDWXUHHOHFWULFDOFRQGXFWLYLW\RIDQ\NQRZQ
VXEVWDQFH *UDSKHQHLVDVLQJOHDWRPLFOD\HUWKLFNWKLQVKHHWRILGHDOO\VSERQGHGFDUERQDWRPVWKDWDUHGHQVHO\
SDFNHG LQ D KRQH\FRPE FU\VWDO ODWWLFH *UDSKHQHZDV ILUVW H[SHULPHQWDOO\ UHDOL]HG E\PHFKDQLFDO H[IROLDWLRQ RI
JUDSKLWHXVLQJVFRWFKWDSH%KDYLULSXGLVUHHNDHWDOEXWPLFURPHFKDQLFDOH[IROLDWLRQ\LHOGVVPDOOVDPSOHVRI
JUDSKHQHXVHIXORQO\IRUIXQGDPHQWDOVWXG\$QRWKHUPHWKRGRIHSLWD[LDOJURZWKLVWRKHDWVLOLFRQFDUELGHWRKLJK
WHPSHUDWXUHV!B&WRUHGXFHLWWRJUDSKHQH7KHVL]HRIJUDSKHQHFU\VWDOLVGHSHQGHQWXSRQWKHVL]HRIWKH6LF
6LOLFRQ FDUELGH VXEVWUDWH XVHG +LJKTXDOLW\ VKHHWV RI IHZ OD\HU JUDSKHQH H[FHHGLQJ  FP LQ DUHD KDYH EHHQ
V\QWKHVL]HG YLD &9' &KHPLFDO 9DSRXU 'HSRVLWLRQ RQ WKLQ QLFNHO OD\HUV  5HFHQWO\ JUDPVFDOH SURGXFWLRQ RI
JUDSKHQH KDV EHHQ UHSRUWHG E\ UHGXFWLRQ RI HWKDQRO XVLQJ VRGLXPPHWDO IROORZHG E\ S\URO\VLV RI WKH HWKR[LGH
SURGXFW DQG ZDVKLQJ ZLWK ZDWHU WR UHPRYH VRGLXP VDOWV 8VH DQG KDQGOLQJ RI VRGLXPPHWDO PDNH WKH SURFHVV
FRPSOLFDWHG DQG UHTXLUH SUHFDXWLRQDU\PHDVXUHV DQG H[SHUW KDQGOLQJ+HUHZH UHSRUW RQ D ODUJHVFDOH FKHPLFDO
V\QWKHVLVRIJUDSKHQHVKHHWVE\DUHODWLYHO\VDIHUDQGHDVLHUPHWKRGXVLQJDQDXWRFODYH
 
 7DEOH±3URSHUWLHVRIJUDSKHQH
*UDSKHQH3URSHUWLHV  
0RGXOXV  7SD 
6WUHQJWK *SD 
(OHFWULFDOFRQGXFWLYLW\
6XUIDFHDUHD
6FP
PJP




+\GURJHQ DV DQ HQYLURQPHQW IULHQGO\ IXHO LV D VWURQJ FRQWHQGHU IRU IRVVLO IXHO EDVHG DXWR IXHO %XW WKH PDMRU
VWXPEOLQJEORFNLQUHDOL]LQJWKLVLVWKHULVNLQYROYHGLQWUDQVSRUWLQJK\GURJHQGXHWRWKHULVNRIILUHKD]DUGRZLQJWR
ZLGHUOLPLWVRILQIODPPDELOLW\+HQFHLWLVLPSRUWDQWWRGHYHORSHIILFLHQWK\GURJHQVWRUDJHGHYLFHVIRUVWRULQJDQG
WUDQVSRUWLQJ K\GURJHQ VDIHO\ *UDSKHQH LQ LWV RULJLQDO IRUP GR QRW KDYH JRRG K\GURJHQ VWRUDJH FDSDFLW\ EXW
V\QWKHVL]HGJUDSKHQHDUHDEOHWRVWRUHK\GURJHQ6RPHRIWKHPHWKRGVDUHOLVWHGEHORZ
  
Bottom up Graphene.XPDUGLOLS6LQJK
&KHPLFDOYDSRXUGHSRVLWLRQ
'9'EXUQHUPHWKRG
(SLWD[LDOJURZWK&DQEHSUHSDUHGE\VLPSO\KHDWLQJDQGFRROLQJGRZQD6LFFU\VWDO
6ROYRWKHUPDO
6FRWFKWDSHPHWKRG*UDSKHQHLVGHWDFKHGIURPDJUDSKLWHFU\VWDOXVLQJDGKHVLYHWDSH

1.2 Top down Graphene 

 0LFURPHFKDQLFDOFOHDYDJH8VHRIDQXOWUDVKDUSVLQJOHFU\VWDOGLDPRQGZHGJHWRFOHDYDJHDKLJKO\
RUGHUHGS\URO\WLFJUDSKLWHVDPSOHWRJHQHUDWHWKHJUDSKHQHOD\HUV
 $UFFOHDYDJH,QYROYHWKHXVHRIDKLJKFXUUHQWEHWZHHQDJUDSKLWHDQRGHDQGJUDSKLWHFDWKRGHLQD
FKDPEHUILOOHGZLWKK\GURJHQDQGKHOLXPJDVFRVWOLHUPHWKRG
 &KHPLFDOV\QWKHVLVWKURXJKR[LGDWLRQRIJUDSKLWH
 7KHUPDOH[IROLDWLRQDQGUHGXFWLRQ
 (OHFWURO\WLFH[IROLDWLRQ


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2IZKLFKKHWHURDWRP¶VVXEVWLWXWHGJUDSKHQHDQFKRUHGZLWKQREOHPHWDOVEHLQJUHSRUWHGWREHDKLJKO\HIIHFWLYHIRU
K\GURJHQVWRUDJH7KHKHWHURDWRPGRSHGJUDSKHQHVXJJHVWWKHSRWHQWLDOWREHHPSOR\HGDVDQHIIHFWLYHDOWHUQDWLYH
FKHPLFDOPDWHULDOE\GHPRQVWUDWLQJSHUIRUPDQFHFRPSDUDEOHWRWKDWRIWKHH[SHQVLYHSODWLQXPFDWDO\VWXVHGIRUWKH
FDWKRGHRIIXHOFHOOEDWWHULHV7XED2]QXOXHU6RDPRQJWKHPHWKRGVOLVWHGDERYHFKHPLFDOYDSRXUGHSRVLWLRQ
DQG'9'EXUQHUPHWKRGDUHSURSRVHGWREHXVHGIRUJUDSKHQHV\QWKHVLV

$VLJQLILFDQWDGYDQFHWRZDUGDFKLHYLQJSUDFWLFDODSSOLFDWLRQVRIJUDSKHQHDVDWZR±GLPHQVLRQDOPDWHULDOLQ1DQR
HOHFWURQLFVZRXOGEHSURYLGHGE\VXFFHVVIXOV\QWKHVLVRIERWKQW\SHDQGSW\SHGRSHGJUDSKHQH+RZHYHUUHOLDEOH
GRSLQJDQGDWKRURXJKXQGHUVWDQGLQJRIFDUULHUWUDQVSRUWLQWKHSUHVHQFHRIFKDUJHGLPSXULWLHVJRYHUQHGE\LRQL]HG
GRQRUVRUDFFHSWRUVLQWKHJUDSKHQHODWWLFHDUHVWLOOODFNLQJ+HUHZHUHSRUWH[SHULPHQWDOUHDOL]DWLRQRIIHZOD\HU1
GRSHG1LWURJHQGRSHGJUDSKHQHVKHHWVE\FKHPLFDOYDSRXUGHSRVLWLRQRIRUJDQLFPROHFXOHWULD]LQHRQ&X
&RSSHUPHWDOFDWDO\VW:KHQUHGXFLQJWKHJURZWKWHPSHUDWXUHWKHDWRPLFSHUFHQWDJHRIQLWURJHQGRSLQJLVUDLVHG
IURPWR:LWKLQFUHDVLQJGRSLQJFRQFHQWUDWLRQGRSHGJUDSKHQHVKHHWH[KLELWVDFURVVRYHUIURPSW\SHWR
QW\SHEHKDYLRXU DFFRPSDQLHGE\ D VWURQJ HQKDQFHPHQW RI HOHFWURQ±KROH WUDQVSRUW DV\PPHWU\PDQLIHVWLQJ WKH
LQIOXHQFH RI LQFRUSRUDWHG QLWURJHQ LPSXULWLHV ,Q DGGLWLRQ E\ DQDO\VLQJ WKH GDWD RI ;UD\ SKRWRHOHFWURQ
VSHFWURVFRS\5DPDQVSHFWURVFRS\ DQGHOHFWULFDOPHDVXUHPHQWVRISUHSDUHG'9'EDVHGJUDSKHQHZH VKRZ WKDW
S\ULGLQLFDQGS\UUROLF1LPSXULWLHVSOD\DQLPSRUWDQWUROHLQGHWHUPLQLQJWKHWUDQVSRUWEHKDYLRXURIFDUULHUVLQRXU
GRSHG1GRSHGJUDSKHQH%R4XDQHWDO

 ([SHULPHQWDOZRUN
2.1 Chemical vapour deposition: 
&9' FDQ EH GRQH XVLQJ HLWKHU /3&9' /RZ SUHVVXUH FKHPLFDO YDSRXU GHSRVLWLRQ RU $3&9' $WPRVSKHULF
SUHVVXUHFKHPLFDOYDSRXUGHSRVLWLRQEXWXVLQJ/3&9'ZLOOEHEHWWHU
x +HDWHUJUDSKLWHHOHFWURGHVSODFHGDWWKHWRSDQGERWWRPZLWKDVHSDUDWLQJGLVWDQFHRIFP
x &KDPEHULQFKDPEHUTXDUW]UHDFWRU
x ,5GHWHFWRUWHPSHUDWXUHPHDVXUHPHQW
x 6XEVWUDWH$FXSSHUIRLOLQFKLQFKZDVSODFHGRQWKHERWWRPKHDWHU
x $QQHDOLQJE\++\GURJHQDQG$U$UJRQLQFUHDVH&XJUDLQVIRUPLQEHFDXVHLWZRXOGUHPRYH
WKHUHVLGXDOFRSSHUR[LGHDQGVPRRWKHQWKHVXUIDFH
x 'HSRVLWLRQXVLQJ&+7RWDOSUHVVXUHWRUUDQG+DVSUHFXUVRUDQGFRROLQJUDSLGO\XQGHU$U





)LJ&9'SURFHVVUHSUHVHQWLQJWKHGLIIHUHQWFRQWUROOHUV\VWHP

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



)LJ&9'SURFHVVXVLQJFRSSHUIRLODVDFDWDO\VW
%HIRUHZHWULHGWRGRWKHUROOWRUROOSURFHVVEHFDXVHLWZDVDQLGHDOSURGXFWLRQFKRLFHZKHQDYHU\ORZFRVWSHUXQLW
DUHD RI GHSRVLWLRQ LV UHTXLUHG ,Q WKLV SURFHVV FRPPHUFLDO HWK\OHQH ±9LQ\O DFHWDWH FRSRO\PHU FRDWHG WUDQVSDUHQW
SRO\HWK\OHQHWHUHSKWKDODWHZHUHXVHGDVDWDUJHWVXUIDFH$WDWHPSHUDWXUHRIÛFWKHVKHHWVZHUHSUHVVHGWRJHWKHU
ZLWK KRW UROOHUV WR IRUP D GRXEOH VLGHG 3(7 3RO\HWK\OHQH WHUHSKWKDODWH VKHHW 7KH (9$ OD\HU SOD\V D UROH RI
YLVFRVHEHWZHHQ)/*DQG3(*$IWHUWKHKRWUROOLQJVWHSWKHVKHHWZDVSDVVHGLQWRFROGUROOHUVDWURRPWHPSHUDWXUH
7KHSXUSRVHRIWKHFROGUROOLQJVWHSLVWRVHSDUDWHWKH3(7OD\HUVIURPWKHQLFNHOVXUIDFHLQDXQLIRUPPDQQHUZLWKD
FRQWUROOHGFRQVWDQWUROOLQJVSHHG)LJXUHUHSUHVHQWLQJWKHZKROHSURFHVV%XWGXULQJWKLVSURFHVVWKHDUUDQJHPHQWV
RI WKH FKHPLFDOZHUHPRUH GLIILFXOW VR EDVLFDOO\ZH SUHIHUUHG IRU WKH/RZ SUHVVXUH FKHPLFDO YDSRXU GHSRVLWLRQ
=KHQ<X-XDQJ


)LJ5ROOWRUROOSURFHVVE\FKHPLFDOYDSRXUGHSRVLWLRQ
2.2 DVD burner process: 

7KHSURFHVV VWDUWVZLWK JUDSKLWH R[LGH EHFDXVH LW FDQEH VXVSHQGHG LQZDWHU7KLV DOORZV HYHQO\ GLVWULEXWLQJ WKH
VXEVWDQFHRQSODVWLFVXUIDFH1RWHWKHXVHRIRSWLFDOGLVFV7KHVHFRQGSDUWRISURFHVVLQYROYHVKLWWLQJWKHGULHGOD\HU
RIJUDSKLWHR[LGHZLWKDODVHU,WFDQEHGRQHZLWKFRQVXPHU'9'GULYH7KHUHVXOWLVJUDSKHQHWKDWFDQEHXVHGLQ
FLUFXLWVDQGPD\KDYHSRWHQWLDODVDIDQWDVWLFVXSHUFDSDFLWRU=KHQ<X-XDQJHWDO

)LJXUHUHSUHVHQWLQJWKH'9'EXUQHUSURFHGXUHIRUWKHV\QWKHVLVRIJUDSKHQH:HWDNHD'9'DQGDSSO\DOD\HU
RISODVWLFIROORZHGE\DILOPRIJUDSKLWHR[LGHWKHQLQVHUWHGWKH'9'LQWRDVWDQGDUG'9'GULYHVRWKDWWKHLQ
EXLOW ODVHU FKHPLFDOO\ UHGXFHV WKH JUDSKLWH R[LGH WR JUDSKHQH+DYLQJ UHPRYHG WKH GLVFZH SHHO RII WKH SODVWLF
107 Sandeep Pal et al. /  Procedia Materials Science  10 ( 2015 )  103 – 110 
ZKLFKLVWKHQFRDWHGLQJUDSKHQHDQGFXWLWLQWRZKDWHYHUVKDSHVZHGHVLUH.1RYRVHORHWDO




 )LJ'9'SURFHVVIRUWKHV\QWKHVLVRIJUDSKHQH 


 3URFHGXUHIRU6\QWKHVLVRI+HWHURDWRPGRSHG*UDSKHQH
'062'LPHWK\OVXOIR[LGHWKH6FRQWDLQLQJRUJDQLFPROHFXOHZDVKHDWHGZLWK1DR+6RGLXPK\GUR[LGHXQGHU
1 JDV IORZ 7KHPL[WXUH ZDV EURXJKW WR D ERLO DQGPDLQWDLQHG WKH ERLO ZLWK UHIOX[ 8QGHU WKH FRQGLWLRQ WKH
FRORXUOHVVOLTXLGEHFDPHGDUNEURZQ)LQDOO\EODFNFDNHOLNH0DWHULDOVZHUHREWDLQHGDQGZDVKHGXVLQJGHLRQLVHG
ZDWHUWKHQGULHGLQDQRYHQ7ZRGLPHQVLRQDOVKHHWOLNHVWUXFWXUHVZHUHREWDLQHGZKLFKZHUHIRUPHGZLWKFDUERQ
DQGVXOSKXUDWRPV7KHVXUIDFHPRUSKRORJ\RIWKH6GRSHGJUDSKHQHZDVDQDO\VHGE\XVLQJ$)0$WRPLF)RUFH
0LFURVFRS\7KH$)0LPDJHVVKRZHGFUXPSOHGVLONYHLOOLNHVWUXFWXUHVZLWKWKLFNQHVVRIDURXQGQP:LWK
PORI'062PRUHWKDQJRISURGXFWSHUEDWFKZDVREWDLQHG:HEHOLHYHWKDWWKLVSURFHVVFRXOGEHVFDOHGXSIRU
ODUJHUV\QWKHWLF\LHOGV7RGHPRQVWUDWHWKDWWKHKHWHURDWRPFRQWDLQLQJRUJDQLFPROHFXOHVLWFRXOGEHFRQYHUWHGLQWR
KHWHURDWRPGRSHGJUDSKHQH'0)ZDVFKRVHQWRSURGXFH1GRSHGJUDSKHQHWRUHSUHVHQW1FRQWDLQLQJPROHFXOHV
5RXJKO\ J RI SURGXFWZDV REWDLQHG IURP P/ RI'0) 3ULVWLQH VROYRWKHUPDO JUDSKHQHZDV DOVR SUHSDUHG
XVLQJPHWKDQRODVDSUHFXUVRU,QFOXVLRQVRIQLWURJHQHQKDQFHVLJQLILFDQWO\WKHUPDOVWDELOLW\RIJUDSKHQHRQQLFNHO
0(O.DG\
,QWKHSUHVHQWZRUNWKHK\GURJHQVWRUDJHSURSHUWLHVRI1*131LWURJHQGRSHGJUDSKHQH1DQRSODWHOHWVDQG3G1
*133DOODGLXPGHFRUDWHGQLWURJHQGRSHGJUDSKHQH1DQRSODWHOHWVKDYHEHHQLQYHVWLJDWHG7KHUHVXOWVVKRZWKDW
K\GURJHQ XSWDNH FDSDFLW\ RI QLWURJHQ GRSHG JUDSKHQH 1DQR SODWHOHWV DQG SDOODGLXP GHFRUDWHG QLWURJHQ GRSHG
JUDSKHQH1DQRSODWHOHWVDWSUHVVXUHEDUVDQGWHPSHUDWXUHGHJUHHV&LVZWDQGZWUHVSHFWLYHO\
7KHGLVSHUVLRQRISDOODGLXPQDQRSDUWLFOHVLQFUHDVHVWKHK\GURJHQVWRUDJHFDSDFLW\RIQLWURJHQGRSHGJUDSKHQH1DQR
SODWHOHWVE\ZW7KLVPD\EHGXHWRKLJKGLVSHUVLRQRISDOODGLXPQDQRSDUWLFOHVDQGVWURQJDGKHVLRQEHWZHHQ
PHWDODQGJUDSKHQH1DQRSODWHOHWVRYHUWKHVXUIDFHRI1*13ZKLFKHQKDQFHVWKHVSLOORYHUPHFKDQLVP7KXVDQ
LQFUHDVH LQ WKH K\GURJHQ VSLOO RYHU HIIHFW DQG WKH ELQGLQJ HQHUJ\ EHWZHHQ PHWDO QDQRSDUWLFOHV DQG VXSSRUWLQJ
PDWHULDODFKLHYHGE\QLWURJHQGRSLQJKDVEHHQREVHUYHGWRUHVXOWLQDKLJKHUK\GURJHQVWRUDJHFDSDFLW\RISULVWLQH
*13*UDSKHQH1DQRSODWHOHWV
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
)LJ5HSUHVHQWLQJWKHPLFURVWUXFWXUHREWDLQHGDIWHUV\QWKHVLV
1'RSHG JUDSKHQH FDQ DOVR EH SUHSDUHG E\ QLWURJHQ SODVPD WUHDWPHQW SURFHVV 1 *UDSKHQH KDV VKRZQ EHWWHU
HOHFWURGHFDSDELOLW\WKDQJUDSKHQH
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
3.2:    Nitrogen doped Graphene: 

 5HDJHQWVDQGEXIIHUHOHFWURO\WHVROXWLRQ
1GRSHGJUDSKHQHSUHSDUHGE\WKHUPDOUHGXFWLRQRIJUDSKLWHR[LGH63DUNDQGWKHFKHPLFDOVZHUHSXUFKDVHG
IURPWKHGLIIHUHQWVWDQGDUGFRPSDQLHVIRUWKHSUHSDUDWLRQRI1'RSHGJUDSKHQH)RUHOHFWURO\WLFH[SHULPHQWVWKH
VXSSRUWLQJHOHFWURO\WHVZHUH0.&ORU1D3EV6RGLXPSKRVSKDWHEXIIHUVDOLQH7KHQWKHSRO\PHUL]DWLRQZDV
FDUULHGRXWLQ0

 )XQFWLRQDOL]DWLRQRI1*UDSKHQH

1LWURJHQGRSHGJUDSKHQHZDVUHFHLYHGHLWKHULQ0+121LWULFDFLGRULQ0.2+3RWDVVLXPK\GUR[LGH)RU
WKHDFLGLF WUHDWPHQW WKHJUDSKHQHRUJUDSKLWHSRZGHUZDVVWLUUHGIRUKUZKLOHIRU WKH WUHDWPHQWZLWK WKHEDVH
VWLUULQJZDVGRQHIRUKRXUVIROORZHGE\DQRWKHUKRXUVVWDWLFVRDNLQJLQDPELHQWFRQGLWLRQ7KHIXQFWLRQDOL]HG
ZHUHWKHQZDVKHGDQGILOWHUHGXQWLOWKHVROXWLRQEHFRPHVQHXWUDO7KHPDWHULDOREWDLQHGZDVGULHGDWDSSUR[LPDWHO\
ÛFRYHUQLJKW ,Q WKLVZD\ZHREWDLQHG+12QLWURJHQGRSHGJUDSKHQH'XH WR WKHIDFW WKDW+12WUHDWPHQWRI
QLWURJHQ GRSHG JUDSKHQH ZDV GHWULPHQWDO WKH GLVSHUVLRQ QRW EHLQJ KRPRJHQHRXV %RWK IXQFWLRQDOL]HG DQG
QRQIXQFWLRQDOLVHGQLWURJHQGRSHGJUDSKHQHZHUHGLVSHUVHGLQ$FHWLFDFLGWRIRUPGLVSHUVLRQ7KHVROXWLRQ
ZDVVRQLFDWHGIRUKRXU-VEXQFKHWDO

 &RQFOXVLRQ
6HYHUDOPHWKRGVZHUHIRXQGWREHEHVWIRUWKHV\QWKHVLVRIJUDSKHQHRUHYHQIRUWKHKHWHURDWRPGRSHGJUDSKHQHEXW
RXUDLPZDVWKHPHWKRGWREHEHVWIRUWKHK\GURJHQVWRUDJHDQGLWVWUDQVSRUWDWLRQDVLWLVH[SORVLYHVRZHIRFXVHG
EDVLFDOO\RQ WKH WZRPHWKRGVFKHPLFDOYDSRXUGHSRVLWLRQDQG'9'EXUQHUPHWKRGVR WKDWZHFRXOGV\QWKHVL]H LW
DQG SURYLGH K\GURJHQ D EHWWHU VWRUDJH DQG LWV WUDQVSRUWDWLRQ DIWHU V\QWKHVLV FKDUDFWHUL]DWLRQ SDUW VKRXOG DOVR EH
GRQH:HDUHVWLOORQWKHSURFHGXUHVQRW\HWVRVXFFHVVIXO

$FNQRZOHGJHPHQW
 
:H ZLVK WR H[SUHVV KHDUWIHOW JUDWLWXGH WRZDUGV WKH &DPSXV GLUHFWRU RI 83(6 'U 6KULKDUL IRU JLYLQJ XV DQ
RSSRUWXQLW\ WRZRUN LQ WKLVHVWHHPHGRUJDQL]DWLRQ WKDW LQVSLWHRIEHLQJH[WUDRUGLQDULO\EXV\ZLWKKLVGXWLHV WRRN
WLPHRXWWRKHDUJXLGHDQGNHHSPHRQWKHFRUUHFWSDWK
2XUVSHFLDOWKDQNVWR'U**RSDODNULVKDQDQ$VVRFLDWH3URIHVVRU:LWKRXWKLVFRQWLQXRXVJXLGDQFHDQGVXSSRUW
WKLVSURMHFWZRXOGQRWKDYHEHHQSRVVLEOH
,W LV RXUJORZLQJ IHHOLQJ WRSODFHRQ UHFRUGP\EHVW UHJDUGV GHHSHVW VHQVHRIJUDWLWXGH WR0LVV6XQX0U5RKLW
6KDUPD3K'5HVHDUFK6FKRODUVIRUWKHLUMXGLFLRXVDQGSUHFLRXVJXLGDQFHZKLFKZHUHH[WUHPHO\YDOXDEOHIRURXU
VWXG\ ERWK WKHRUHWLFDOO\ DQGSUDFWLFDOO\/DVWO\ZH WKDQN DOPLJKW\ RXU SDUHQWV IRU WKHLU FRQVWDQW HQFRXUDJHPHQW
ZLWKRXWZKLFKWKLVDVVLJQPHQWZRXOGQRWEHSRVVLEOH


110   Sandeep Pal et al. /  Procedia Materials Science  10 ( 2015 )  103 – 110 
5HIHUHQFHV

%KDYLULSXGLVUHHNDU;LDRWLQJ-LD0LOGUHG6'UHVVHOKDXVDQG-LQJ.RQJ*UDSKHQHV\QWKHVLVE\FKHPLFDOYDSRXUGHSRVLWLRQDQGWUDQVIHUE\
UROOWRUROOSURFHVV0DVVDFKXVHWWV,QVWLWXWHRI7HFKQRORJ\&DPEULGJH0DVVDFKXVHWWV
%R 4XDQ 6HXQJ+R <X 'RQJ <RXQJ &KXQJ $LKXD -LQ -L +\XQ 3DUN <XQJ(XQ 6XQJ <XDQ]KH3LDR6LQJOH 6RXUFH 3UHFXUVRUEDVHG
6ROYRWKHUPDO 6\QWKHVLV RI +HWHURDWRPGRSHG *UDSKHQH DQG ,WV (QHUJ\ 6WRUDJH DQG &RQYHUVLRQ $SSOLFDWLRQV 6FLHQWLILF 5HSRUWV  
'2,VUHS
)HQOX\X7VXQJ VKXQJ =KDQJZHQMLQJ/XMLQJ ±\X ³0DNLQJ JUDSKHPH EDVHG VXSHUFDSDFLWRUV´ ,QVWLWXWH RI $WRPLF DQG 0ROHFXODU
6FLHQFHV$FDGHPLD6LQLFD7DLSHL7DLZDQ
)X5RQJ&KHQ&KXHQ+RUQJ7VDL3UHSDUDWLRQRI*UDSKHQH1DWLRQDO7VLQJ+XD8QLYHUVLW\+VLQFKX7DLZDQ52&
-6%XQFKHWDOHOHFWURPHFKDQLFDOUHVRQDWRUVIURPJUDSKHPHVKHHWVVFLHQFH
.V1RYRVHORY$N*HLP6Y0RUR]RY'-LDQJ\]KDQJ6Y'XERQRV,Y*ULJRULHYDDQG)D)LUVRY6FLHQFH
0(O.DG\HW DO  /DVHU VFULELQJ RI KLJK SHUIRUPDQFH DQG IOH[LEOH JUDSKHQH EDVHG HOHFWURFKHPLFDO VXSHUFDSDFLWRUV6FLHQFH 
'2,VFLHQFH
63DUNDQG565XRII1DWXUH(IILFLHQWV\QWKHVLVRIKHWHURDWRPGRSHGJUDSKHQHEDVHGRQ
6LQJKNXPDUGLOLS3. ,\HUDQG3.*LUL*UDSKHQHV\QWKHVLVDQGDSSOLFDWLRQV&HQWUH IRU1DQRWHFKQRORJ\ ,QGLDQ ,QVWLWXWHRI7HFKQRORJ\
*XZDKDWL*XZDKDW,QGLD
7XED2]QXOXHU(UFDJ3LQFH(PUH23RODW2VPDQ%DOF2PHU6DOLKRJOX&RVNXQ.RFDEDV*UDSKHQHV\QWKHVLVDQGJUDSKHQHQDQRSRO\PHU
FRPSRVLWLHV$WDWXUN8QLYHUVLW\7XUNH\V
8OWUDWKLQJUDSKLWHR[LGHVLOLFDIRUR[\JHQUHGXFWLRQUHDFWLRQV1DQRWHFK
=KHQ<X-XDQJ&KLK<X:X$QJ<X/X&KLQJ<XDQ6X.HK&K\DQJ/HRX

